Extrapyramidal side-effects (EPSE) of antipsychotic medication are related to the occupancy of dopamine
Positron emission tomography (PET) has been used to investigate the relationship between occupancy of striatal dopamine D 2 receptors and the occurrence of extrapyramidal side effects (EPSE) produced by antipsychotic medication. Several of these studies have suggested that EPSE are more likely to occur when occupancy of D 2 receptors is greater than 75-80% (Nordstrom et al. 1993; Kapur et al. 1995; Farde et al. 1992) . Studies in Parkinson's disease (PD) such as that published by Bernheimer et al. (1973) also have found that symptoms of PD only become apparent following the loss of 70-80% of dopamine in striatal nuclei. This appears to suggest that normal functioning of the motor system only requires 20-30% of the dopaminergic system to remain unaffected by disease or medication.
More recently evidence has emerged that finer functional impairment may emerge with significantly less loss of dopamine function. In a study of normal adults between the ages of 24 and 86 years, Volkow et al. (1998) found that an age-linked decline in brain dopamine D 2 receptors was associated with a linear decline in a number of functional measures. This performance deterioration was seen with a motor task (Finger Tapping Test) as well as measures of frontal lobe function. This challenges the assumption that the brain is able to compensate for any decline in dopaminergic function of less than ‫ف‬ 80%. More recent data in Parkinson's disease also support this notion. Studies of the dopamine transporter (as a marker of striatal dopaminergic neurones) and uptake of radioactively labeled dopa indicate that patients with early PD may have lost only ‫ف‬ 50% of dopaminergic input into the putamen when they first manifest clinical symptoms (Guttman et al. 1997; Morrish et al. 1995) .
The picture is further complicated by the measures used in these studies. All previous studies, with the exception of that by Volkow et al. (1998) , used subjective rater measurements of EPSE or PD. Volkow et al. (1998) used the Finger Tapping Test, which while a test of motor function, is not a commonly used measure of EPSE. Futhermore, in most studies using clinical assessments, the symptoms of parkinsonism are clumped together and are not analysed or studied separately. It may be somewhat misleading to automatically group these measures of motor dysfunction. Studies in PD have found that the pathology underlying these clinical symptoms may not be uniform. Specifically, there is evidence that the emergence of rigidity and hypokinesia are correlated with the loss of lateral substantia nigra neurons with a subsequent reduction in dopamine in the putamen (Rinne et al. 1989; Rinne 1991) . This relationship, however, is not seen with the emergence of tremor, which appears to result from broader neuronal degeneration (Bernheimer et al. 1973; Larochelle et al. 1971; Hassler 1984; Poirier et al. 1975) . Similarly, relationships have been found between tyrosine hydroxylase activity, hypokinesia, and rigidity, and between cerebrospinal fluid levels of homovanillic acid and hypokinesia (Rinne 1978; Rinne and Sonninem 1972) . Neither of these measures correlate with tremor in PD.
The recent development of a number of instrumental measures of extrapyramidal motor symptoms appears to offer several valuable tools for the investigation of these symptoms as independent entities. Caligiuri (1994) have demonstrated that it is possible to reliably and validly measure parkinsonian rigidity, bradykinesia (Caligiuri et al. 1998 ) and tremor (Caligiuri et al. 1991) . These instrumental measures appear to be sensitive to mild symptoms and may prove to be capable of detecting subclinical levels of parkinsonian symptoms (Caligiuri et al. 1989) .
This study had three goals: firstly, to investigate whether instrumental methods could be used to detect subclinical alterations in motor function (AMF) in subjects without overt clinical EPSE and at levels of D 2 occupancy below 80%; secondly, to investigate whether subclinical AMF correlate with striatal D 2 occupancy; and thirdly, to investigate whether instrumentally measured rigidity, hypokinesia and tremor appear consistently at low levels of D 2 occupancy, whether the presence and severity of the individual symptoms will inter-correlate.
METHODS

Subjects
Twenty patients participated in the study. There were 16 males (mean age 29.5 Ϯ 7.6 years) and four females (28.5 Ϯ 7.2 years). Nineteen patients had a diagnosis of schizophrenia and one patient had a delusional disorder (DSM-IV). The diagnoses were established utilizing a structured interview with the patient using a SCID (First et al. 1995) , supplemented with information from the family and clinical staff. Patients for the study were recruited within the Schizophrenia Division of the Clarke Institute of Psychiatry, Toronto, Ontario, Canada. Patients with a history of current alcohol or substance abuse were excluded. All patients were considered to be experiencing their first episode of a psychotic illness. Eighteen patients had never been previously treated with antipsychotic medication, one patient had several months of treatment within the last year but had been poorly compliant and had not taken medication for several months. Another patient had taken a few doses of an antipsychotic two weeks prior to entering the study.
All patients provided written informed consent in a format approved by the University of Toronto Review Committee on the Use of Human Subjects. All patients were taking part in a clinical trial of low dose haloperidol and received either 1 or 2.5 mg per day in a single dose, at night. Clinical data from this study will be reported separately. It was predicted that treatment with these doses of medication should result in a low incidence of clinical EPSE.
Haloperidol Plasma Assay
Plasma was obtained at the time of the scans and levels of haloperidol were measured using a Fison TRI0-1000 gas chromatograph-mass spectrometer (GC-MS). The sensitivity of the assay was such that 0.19 ng/ml of haloperidol was quantified with a coefficient of variation (CV) of 6.7%, whereas 1.88 ng/ml of haloperidol was quantified with a CV of 3.2%.
Imaging
All patients received a [ 11 C]-raclopride PET scan between 12 and 13 hours after their last dose of haloperidol and all had been on a fixed dose of medication for at least 10 days (average 14.8 days). All PET scans were performed using 9.71 Ϯ 0. (Houle et al. 1996; Kapur et al. 1996a, b) . Striatal (caudate and putamen) and cerebellar regions of interest (ROI) were drawn on two contiguous PET slices. The cerebellar time-activity curve (TAC) was used as an estimate of the free and nonspecific [ 11 C]-raclopride binding. The striatal TAC provided an estimate of non specific and free binding plus the specific binding to receptors. Under these assumptions, it can be shown that the striatal/cerebellar ratio minus one, at the time when the binding is at equilibrium (30-75 minutes in the scan) provides an index proportional to the Bmax/ Kd of [ 11 C]-raclopride for the dopamine D 2 receptors (the binding potential, BP). We have previously demonstrated that this method is highly reliable (scan-rescan standard deviation of 6%) and correlates well with analytically derived estimates of D 2 BP( r Ͼ 0.95) (Kapur et al. 1996a, b) .
We did not have baseline measures of D 2 BP for the patients in this study. Therefore, we used an aged-corrected estimate of D 2 BP from a separate pool of 15 agematched controls and 12 antipsychotic naïve patients with schizophrenia. The pooling of this groups was justified as there was no significant difference between the groups (F[1,24] ϭ 0.36; p ϭ .55) or a significant 'age ϫ illness' interaction (F[1,24] ϭ 0.58; p ϭ .45). This is consistent with previous studies of D 2 BP of patients with schizophrenia (Hietala et al. 1994; Farde et al. 1990 ). Haloperidol induced receptor occupancy was determined by the following:
where D 2 BPBas is the age-corrected D 2 BP baseline, and D 2 BPHal is the D 2 BP for patients on haloperidol.
Both estimates of 'unoccupancy', i.e., the observed binding potential, and occupancy were used for analysis in the study as it is not resolved whether the development of antipsychotic EPSE relates to the number of occupied receptors or to the actual number of free unaffected receptors available for functioning (Fitzgerald et al. 1999 ).
Instrumental Measures
All instrumental measures of extrapyramidal side effects (IEPS) were administered by a single investigator. All signals generated were low pass filtered (20Hz) and digitised (100 samples/sec) using a laboratory microcomputer. Kinematic variables such as amplitude and velocity were collected using waveform analysis software (Pegasus for Windows 1.2; Lakeshore Technologies, Inc., Chicago, IL). All measures were taken prior to
the commencement of medication and again at the time of PET scanning. All measures were taken on both sides of the body.
Tremor. Hand tremor was measured with a hand force transducer. The subject was required to exert an isometric force (0.3 N) against a rigid beam with visual feedback provided by an oscilloscope displayed on a computer monitor. The measurement of tremor was estimated as the degree of error in the digitised force signal due to force fluctuation in the 3-7 Hz frequency range. The raw force wave forms were subjected to a bidirectional digital filter with a low pass cut-off of 3 Hz. The tremor index was derived from the force error difference between the unfiltered and filtered waveforms. For example, if the unfiltered force error was 5.0% and the filtered error was 4.0%, the tremor index would be 1.0%. That is, 1.0% of the steadiness error was due to tremor. It has previously been demonstrated that tremor elicited by sustained force is a sensitive method of detection of parkinsonian tremor in this frequency range (Caligiuri et al. 1991) .
Rigidity. Muscle rigidity was measured with a device that transduces force and rotation simultaneously. These variables were measured during the passive movement of the wrist. The measurement was performed in a resting state and during activation of the non-test limb. A rigidity index was calculated as the degree of increase in stiffness produced by activation of the non-test limb. This methodology reduces variability due to muscle mass bulk, is sensitive to mild rigidity, and can be measured with good test-retest reliability (Caligiuri et al. 1991 (Caligiuri et al. , 1989 .
Bradykinesia. Two methods were used to measure bradykinesia. The mechanics of the first method have been described recently in some detail (Caligiuri et al. 1998) . In this procedure, rapid alternating movements or RAMS, the subject was instructed to move his/her wrist rapidly back and forth while holding an electrogoniometer handle that measures wrist rotation. During this rapid alternating wrist flexion and extension both amplitude and frequency were measured. Movement speed was derived from a Fourier transformation and a model based upon previously obtained normal control data used to control for the extent of movement. This procedure generated a residual score that represents the difference between the measured movement speed and that predicted from the control data given the subject's amplitude of movement.
The second methodology (peak mean ballistic movement velocity) used the same apparatus as the first but was designed to measure the maximum velocity of movement that could be achieved by the subject. During this experiment the subject was told to make a short maximum velocity movement when cued by the investigator.
Thirty trials were performed and the position/time curve recorded. The first derivative of this curve was taken to give a graphical representation of movement velocity and the mean of the highest five velocity peaks was calculated.
Data Analysis. Data were analysed from both sides of the body and the side with the greatest change between pre and post treatment separately. Within subject paired t -tests were used to examine for changes with treatment from baseline to the time of PET scan. A repeated measures general linear model was used to look for an effect of dose on these changes. Independent sample t -tests were used to look for differences within the group. Partial Pearson correlational analyses were conducted to examine the relationship between dopamine receptor occupancy, plasma haloperidol levels and IEPS scores at the time of PET scan, controlling for IEPS scores at baseline. Correlational analyses between scores of IEPS were performed after converting these measures to z -scores.
RESULTS
Dopamine D 2 receptor occupancy in the 20 patients ranged from 38.1 to 86.7% (mean 66.1%). Eighteen of the twenty subjects had D 2 occupancy levels less than 80%. There was no significant difference between occupancy values on the left (mean 65.4 Ϯ 13.2%) and right (65.7 Ϯ 13.3%) sides ( t ϭ Ϫ 0.81, df ϭ 19, p ϭ .43). Occupancy values did not significantly vary with age or sex. Plasma haloperidol values ranged from 0.19 to 1.95 ng/ ml (mean 0.86 ng/ml).
When examined at the time of PET scan, only two patients had clinical EPSE and one patient had been commenced on antiparkinsonian medication. These patients had occupancy values of 78.6%, 81.1%, and 79.4%. These three patients had higher mean IEPS scores on several measures than the patients without EPS but this did not reach significance on any measure.
In regards to our first objective, scores on all four measurements were found to have worsened significantly with treatment when the more vulnerable side was analysed separately (see Table 1 ). For each patient, the more vulnerable side was consistent across IEPS measures. In eight patients, all four measures performed were worse on one side and in all other patients, three out of the four measures were performed most poorly on the same side. The distribution of the more vulnerable side for each IEPS measure is presented in Figure 1 . There was no dose time interaction effect for any of the measures; the change was not more dramatic for patients treated with 2.5 mg rather than 1 mg per day.
In regards to the relationship between subclinical AMF and D 2 occupancy, the results of the partial correlational analyses are presented in Table 2 . There were no significant correlations between IEPS scores and D 2 occupancy or plasma haloperidol levels. There were no correlations with binding potential values.
Furthermore, there were no significant correlations between the measures of stiffness, tremor, and bradykinesia. The two methods of assessing bradykinesia did correlate significantly ( r ϭ 0.57, p ϭ .008).The relationships between change on the more vulnerable side with treatment for the 4 measures of IEPS are presented in Table 3 . There was no relationship between handedness and side vulnerability.
DISCUSSION
To our knowledge, this study is the first published report that explores the relationship between medication induced dopaminergic blockade and motor impairment as assessed by electromechanical means. There are a As was suspected, the study has confirmed that there appear to be motor changes in patients who experience low levels of antipsychotic induced dopamine blockade. These changes present asymmetrically such that the differences were significant only on the more vulnerable side. For each patient, the more vulnerable side was consistent across measures of IEPS and the more vulnerable side was divided between the left (13 patients) and right (7 patients) sides in the patient group.
Asymmetrical presentation of motor symptoms is also frequently seen in early PD, unilateral symptoms often existing for months prior to the development of bilateral impairment. This appears to reflect asymmetry in the progression of basal ganglia pathology (Wenning et al. 1998; Rinne et al. 1995) . It has been proposed that antipsychotic EPSE may demonstrate less asymmetry than that seen in PD (Tarsey 1989; Hausner 1986 ). However, this may be less true for acutely treated patients than chronically treated patients (Caligiuri et al. 1989) . Given the findings of this study, it would appear that early motor changes in antipsychotic EPSE also appear to exhibit substantial asymmetry and the presentation of patients with bilateral symptoms mainly represents a higher degree of dopaminergic blockade.
Why should antipsychotic EPSE present asymmetrically at low levels of D 2 occupancy? It is possible that this may relate to an asymmetrical distribution of antipsychotic medication in the brain (Tomer et al. 1987) , although this appears unlikely given the equal values for right and left sided occupancy and binding potential seen in this study. It is possible that it may relate to laterality variations in dopaminergic hyperactivity such as the right sided dopaminergic hyperactivity proposed by Bracha (1987) . For example, right sided dopaminergic hyperactivity would result in ipsilateral EPSE as the dose of antipsychotic medication required to return the right striatum to normal dopaminergic functioning would reduce left striatal dopaminergic function into the parkinsonian range. Several studies have also suggested the existence of an asymmetry of D 2 receptor density in schizophrenia (Reynolds et al. 1987; Crawley et al. 1986 ), although these seems unlikely to be the explanation for the findings in our study given the equality of radiotracer binding. It was surprising that the motor changes we found, in patients with low levels of D 2 occupancy, did not correlate with D 2 occupancy and this result is not consistent with a recently published study that found a correlation between D 2 occupancy and a measure of reduction in hand writing (Kuenstler et al. 1999 ). Importantly, both studies detect the presence of subtle motor changes in patients with low D 2 occupancy levels despite quite divergent methodologies. It is possible that the differences in correlations between the two studies is explained by several differences including the inclusion of several patients in the study of Kuenstler et al. (1999) with very high levels of D 2 occupancy and differences in the patient group. Whilst almost all patients in our sample were neuroleptic naïve, all patients in the study of Kuenstler et al. (1999) had received prior antipsychotic therapy.
In our study, this lack of a correlation was consistent across all measures of IEPS and appears to be a robust finding. In this study, most patients had D 2 occupancy levels insufficient to produce clinical EPSE. It is clear that in patients with a higher degree of D 2 blockade, clinical EPSE do relate to D 2 occupancy and the development of EPSE appears to be a threshold phenomena which exhibits itself only after a certain level of D 2 occupancy is reached (Farde et al. 1992) . It also seems likely that in patients treated with doses sufficient to induce higher levels of D 2 blockade, that there may be a relationship between instrumentally measured motor changes and D 2 occupancy, as at these occupancy levels the instrumental measures are likely to be measuring true clinical EPSE. The motor changes that were detectable in this study, however, do not appear to share the same relationship with D 2 occupancy and it may be the case that these subclinical AMF have a different pathophysiological basis or that the effects are too small for a correlation to be apparent.
Another interesting finding is the lack of close relationships between the individual measurements of IEPS. As would be expected, there was a close relationship between the two measures of bradykinesia. Furthermore, the correlations between tremor, rigidity, and bradykinesia (0.37 and 0.27) were limited but indicated some relationship. This data appears to support the scarce literature concerned with pathophysiological differences between symptoms of parkinsonism. Specifically, this points to differences in the underlying pathophysiology of these symptoms, although rigidity and bradykinesia appear to share some similarities (Bernheimer et al. 1973; Larochelle et al. 1971; Hassler 1984; Poirier et al. 1975; Rinne 1978; Rinne and Sonninem 1972) . It is possible that the differences between symptoms are more pronounced at low levels of dopaminergic disruption.
Several issues need to be considered in regards to our methodology. Firstly, the instrumental techniques used to measure motor functioning were developed for the measurement of clinical EPSE, not the subclinical motor changes we were looking for in the study. However, they have been applied in a variety of clinical populations, including neuroleptic naïve patients (Caligiuri et al. 1993 ), a reasonable equivalent population to that found here. Secondly, it is possible that the failure of the study to detect a significant relationship between subclinical AMF and dopamine occupancy was a type II error resulting from a small real effect at low occupancy levels, the relatively small sample size, and a high degree of variability in the IEPS measures. Nonetheless, this appears unlikely as there is no indication of a trend towards positive correlations across the measures. Finally, in the absence of a placebo control group it is not possible to unequivocally attribute the change in IEPS scores to drug treatment. However, any learning effect would be expected to improve, not worsen task performance, especially as the patients clinically improved over the time period. Additionally, a number of these measures have demonstrated quite reasonable degrees of test-retest reliability, specifically test-retest coefficients of 0.98 (Caligiuri et al. 1998) , 0.87 (Caligiuri et al. 1989) , and 0.73 (Caligiuri et al. 1991) .
It has been suggested that there may be a threshold for the onset of the therapeutic and motor side effects of antipsychotic medication. Specifically, if patients can be treated with doses of medication that achieve less than ‫%08ف‬ D 2 occupancy, normal functioning of the motor system may be achieved in the majority. Thus, if therapeutic benefits are achieved at lower occupancy levels, there may be a therapeutic window free of major complications. The current study supports the notion that clinical EPSE are uncommon at low levels of D 2 occupancy but does not support the notion that the motor system is unaffected at these levels. If these changes are not clinically apparent, what is the significance of this finding? Theoretically, it is an important additional piece of evidence in the growing body of work that indicates that motor changes appear with 50-60% loss of dopaminergic function rather than closer to 80%. In this, it is consistent with the findings of studies in normal aging (Volkow et al. 1998 ) and in patients with early PD (Guttman et al. 1997; Morrish et al. 1995) .
These findings may also be clinically relevant. Despite the fact that these changes are not detectable during standard clinical examination, it does not imply that they do not have functional implications. Patients being treated in the community with these medications are likely to engage in a variety of tasks requiring a reasonable degree of motor performance such as driving a motor vehicle or operating machinery in an employment setting. It is unclear how this level of neuromotor dysfunction may affect those tasks. Additionally, the presence of subclinical motor changes may prove an important clue as to the future likelihood of patients developing tardive dyskinesia. There is evidence that the presence of EPSE is a risk factor for the future development of tardive dyskinesia (Chouinard et al. 1988 ) and it remains to be shown whether the 'subclinical' motor changes demonstrated here may also relate to the future development of tardive movement disorder.
These questions may become increasingly relevant with the development of an increasing diversity of atypical antipsychotic medications with wider range of D 2 receptor occupancy. For example, clozapine which has placebo like levels of clinical EPSE, blocks up to 65% of D 2 receptors (Farde et al. 1992; Kapur 1998) . Olanzapine, while having a low incidence of EPSE, appears to block D 2 receptors in the 60-80% range (Nyberg et al. 1998; Kapur et al. 1998) . It remains to be established whether these medications induce subclinical EPSE and what the implications of this will be. It is unclear whether anticholinergic medication removes EPSE or, alternatively, suppresses it to a subclinical state.
Research has only recently begun to reevaluate the degree of dopaminergic neuronal dysfunction associated with the development of motor impairment. Evidence in both normal aging and PD indicates that changes may be seen with as little as 50-60% dopaminergic loss. This study indicates that relatively low levels of antipsychotic-induced dopamine receptor blockade result in subclinical alterations in motor functioning. These changes do not correlate with striatal dopamine D 2 blockade. The study also indicates that the changes do not present uniformly at these low levels of dopamine D 2 occupancy and that these symptoms will often present asymmetrically.
